Silk sericin was found to suppress the production of pro-inflammatory cytokines, which are related to the inflammatory reaction. The objectives of this study were to investigate the anti-inflammatory effect of sericin in vivo using the carrageenan-induced rat edema model and changes in the histology of tissues. The effects of sericin on the expression of COX-2 and iNOS were also evaluated. Sericin solutions at 0.004-0.080 mg/mL were applied topically to the top of the hind paw and carrageenan (1.0 mg) was injected subcutaneously to the plantar surface of the right hind paw. Our results indicated that sericin significantly reduced the inflammation in rats' paw compared with the negative control (water and acetone) and its effect at 0.080 mg/mL was only slightly lower than that of 1.0% w/v indomethacin. Similar numbers of polymorphonuclear and macrophage cells were found in rats' tissue treated with indomethacin and sericin solution, while the numbers were significantly higher in their absence. The gene expression results by RT-PCR showed that the COX-2 and iNOS genes were down-regulated in samples treated with sericin in a dose dependent manner. These data indicated that the anti-inflammatory properties of sericin may be partly attributable to the suppression of the COX-2 enzyme and nitric oxide production.
Sericin, a degumming protein from silk cocoons, has been discarded in nature for decades. However, recently it has been receiving much attention and is being investigated for its biological activities [1] [2] [3] [4] [5] [6] . The actions of silk sericin on suppressing production of pro-inflammatory cytokines has been reported [7, 8] , but not for any anti-inflammatory action. Zhaorigetu et al. reported earlier that sericin significantly suppressed the elevated expressions of c-fos, c-myc and COX-2 in normal epidermis induced by 12-O-tetradecanoylphorbol 13-acetate (TPA) application [6] , which related to anti-inflammation activity. However, a direct and doserelated anti-inflammatory property of this activity has never been investigated. Inflammation is essentially a protective process that preserves the integrity of the organisms against physical, chemical and infective insults [9] . Moreover, the inflammatory response to several insults can lead to normal tissue damage [10] .
The in vivo acute inflammation model of carrageenan-induced paw edema has been frequently used to assess the anti-inflammatory effect of natural products. During inflammation induced by carrageenan, several mediators are released, such as histamine and serotonin, as well as prostaglandins, protease and lysosome [11, 12] . The inflammatory response is usually quantified by the increase in paw size (edema) and is modulated by inhibitors of specific molecules within the inflammatory cascade, such as nonsteroidal anti-inflammatory drugs (NSAIDs) [13] . Several signals and enzymes are involved in the inflammatory process. Cyclooxygenase (COX) is a key rate-limiting cellular enzyme involved in the synthetic pathway of prostaglandins and thromboxane from arachidonic acid [14] . It plays important roles in host inflammatory and stress responses. COX-2 is an inducible immediate-early gene product whose synthesis in cells can be upregulated by either mitogenic or inflammatory stimuli [14,15a] . It also plays an important role in skin inflammation, cell proliferation and skin tumor promotion [15b]. Nitric oxide (NO) is a signaling molecule that regulates cellular functions in both physiological and pathophysiological conditions in the human body [16a] . NO modulates immune responses and the inflammatory process during inflammation, especially inducible nitric oxide synthase (iNOS), which is induced in response to cytokines and bacterial products in inflammatory and tissue cells, and its overproduction is associated with the pathophysiology of various inflammatory diseases [6b,17], COX-2 and NOS were selected to be measured as indicators for the anti-inflammatory activity of sericin. Compounds that inhibit COX-2 or iNOS expression normally exhibit anti-inflammatory properties [18, 19] .
In this study, we assessed the anti-inflammatory reaction of silk sericin compared with indomethacin (IND, a NSAID) using the carrageenan-induced rat edema model. The responses of various cells associated with inflammatory responses from rats' tissues were evaluated by histological examinations. We also investigated the effects of sericin solution on the expression of COX-2 and iNOS as these may contribute to any beneficial clinical effects of sericin.
Intraplantar injection of carrageenan to rats resulted in severe discernible inflammation and a significant increase in the mean volume of the control paws (sterile water or acetone treated) compared with the positive control (IND-treated) paws. Our results indicated that pre-treatment of rats with sericin solution at all concentrations inhibited (50% inhibition or more) the carrageenaninduced increase in the edema volume of the paws ( Table 1 ). Table 1 , carrageenan injection at the test dose exhibited maximum inflammation at approximately 3 h and then gradually decreased. Sericin at a high concentration (0.080 mg/mL in water) significantly inhibited the inflammation induced by carrageenan. All concentrations of sericin significantly inhibited the inflammation 3 h after injection of carrageenan compared with the NPC Natural Product Communications control (water). The percentage of inhibition of edema is shown in Figure 1 . The anti-inflammatory effect of sericin at 0.080 mg/mL was slightly lower than that of 1.0%, w/v, IND. The highest percentage of inhibition of edema by 0.080 mg/mL sericin was 78.9% at 3 h after injection of carrageenan compared with 90% for 1.0% IND at 3 h after injection, while water and acetone showed no activity against the inflammation induced by carrageenan.
As shown in
According to the histological examination, polymorphonuclear cells (PMN), which play a central role in inflammation, were found in similar numbers in rats' tissues treated with IND and sericin solution, while a higher number of PMN were found in the control groups treated with acetone and purified water. These data indicated that the degree of inflammation in rats treated with IND and sericin solution prior to carrageenan injection was similar. A similar result was found for the number of macrophages. Figure 2 shows the histopathological changes of rats' tissues and indicated that there was less cellular infiltration in the dermal layer of IND-treated and sericin-treated rats prior to carrageenan injection, while watertreated tissues prior to carrageenan injection showed a massive cellular infiltration in the dermal layer.
The number of mast cells, which are potent effectors, playing a key role in immunoglobulin-E (IgE)-associated hypersensitivity reactions, allergic disorders, inflammation and protective immune responses [20] found in the control group (water and acetonetreated) were much higher than after treatment of tissues with IND and sericin ( Figure 3 ). There was a significant difference in the number of mast cells/field found in acetone-treated and INDtreated, as well as the 0.080 mg/mL sericin-treated samples. The significant difference in mast cells was also found in water-treated and IND-treated, as well as 0.080 mg/mL sericin samples. The results indicated that the reduction in PMN and mast cells is, at least in part, responsible for the anti-inflammatory effect of sericin against carrageenan induction. Our finding was similar to that reported by Zhaorigetu et al [6] , who had indicated that silk sericin inhibited leukocyte infiltration from skin inflammation induced by 12-O-tetradecanoylphorbol 13-acetate (TPA) in mice. After fibroblast cells had been treated with a sericin concentration between 0.25-2.0 mg/mL for 24 h, the MTT values were remarkably increased (p<0.05) in a marked dosage-dependent manner (data not shown). Figure 4 shows that COX-2 and iNOS were down-regulated in samples treated with sericin solution, especially at high concentration (2.0 mg/mL). The down-regulated expressions of both genes also occurred in a dose-dependent manner. The findings in the COX-2 and iNOS gene expressions, which are related to inflammatory reactions, corresponded to the in vivo results. This relationship indicated that the anti-inflammation activity of sericin in carrageenan-induced rat edema may be partly attributable to the suppression of COX-2 and NO production.
Silk sericin has been previously implicated in the immune response mounted against the fibroin protein [21] [22] [23] . However, Panilaitis et al. demonstrated that extracted silk fibers re-coated with sericin induced a stronger macrophage response to lipopolysaccharide from E. coli when compared with a sericin-coated tissue culture plate [24] , and no response of macrophage was found to soluble sericin, even at high concentration, which further indicated that sericinmediated macrophage or inflammatory activation is dependent on a physical association with the core fibroin fibers. We further demonstrated here, in vivo, that sericin not only activates antiinflammatory responses but also can inhibit the inflammation induced by carrageenan. This is the first study to indicate the antiinflammatory ability of sericin in vivo, which may be useful for further medical applications. 
Experimental

Materials:
The fresh, white-shell cocoons of Bombax mori were kindly supplied by Chul Thai Silk Co., Ltd. (Petchaboon province, Thailand). Sericin solutions were prepared by a high temperature and pressure degumming technique at concentrations of 0.004, 0.010, 0.020, 0.040 and 0.080 mg/mL, determined by the BCA assay kit. Carrageenan was obtained from Sigma Chemical Company, USA and 1% carrageenan solution was prepared in 0.9% normal saline.
Animals:
The study protocol was approved by the Institutional Animal Care and Use Committee of the Faculty of Pharmaceutical Sciences, Chulalongkorn University. Forty-eight, 4-week-old male Sprague-Dawley rats weighing 100-150 g were used in this study. The animals were housed under standard conditions of temperature (25±2C), a 12 h/12 h light/dark cycle and with access to a standard pellet diet (C.P. Company, Thailand) and tap water ad libitum. The animals were allowed to acclimate to the facility for 3-5 days before starting the experiments. At the end of each experiment, the animals were sacrificed with carbon dioxide. The experimental procedures were performed under sterile conditions.
Experimental protocol:
The control group animals received the same experimental handling as those of the test groups except the sericin treatment was replaced with appropriate volumes of the dosing vehicle (sterile water or acetone). IND was dissolved in acetone and used as a reference drug. The choice of the doses used and times of measurement, as well as for sampling, was based on pilot studies in our laboratory.
Measurement of rat paw volume in carrageenan-induced rat edema model:
The carrageenan-induced rat hind paw edema model of Winter et al. [25] was used to test the anti-inflammatory activity. Animals were fasted, with free access to water, at least 12 h before the experiment. On the experimental day, the right hind paw volume of each rat was measured as a baseline by water displacement using a plethysmometer (Model 7140, Ugo Basile, Comerio, Italy), then randomly divided into 8 groups with 6 rats in each group. Test substances and sericin solutions from 0.004-0.080 mg/mL at 0.25 g or 0.01-0.20 mg/kg body weight (preliminary studies indicated that sericin as low as 0.02 mg can reduce the pro-inflammatory response in cell culture [7] ) were applied topically to the top of the hind paw (Group I-V) and rubbed for 15 sec until completely absorbed, while the control groups were treated similarly using purified water (Group VI) and acetone (Group VII) instead of the sericin solution. Animals in Group VIII received 1.0% IND solution in acetone applied topically as a standard anti-inflammatory drug (positive control). After 1 h of treatment, 0.10 mL of carrageenan (1.0%, w/v) was injected subcutaneously in the plantar surface of the right hind paw. The paw volume was re-measured every hour until 6 h after carrageenan injection, according to The Drug Discovery and Evaluation Pharmacological Assays, which suggest that the paw volume is measured plethysmographically immediately after injection, and then 3, 6 and eventually 24 h after carrageenan challenge [26] . The experiment was stopped at 6 h. Edema was expressed as a mean increase in paw volume in relation to the vehicle control (acetone in the case of IND and water in the case of sericin) using equation (1):
Percentage of inhibition = .
. (1) V t = paw volume at 1, 2, 3, 4, 5 and 6 h after carrageenan injection V 0 = paw volume before the treatment Histological examination: The tissues from paws were bisected in a caudocranial direction and the central portion of underlying tissue was taken and fixed in 10% neutral buffered formalin. Each specimen was embedded in a paraffin block and thin sections (5 m) were prepared. The tissue sections were then mounted and stained with Hematoxylin-Eosin (H&E). Digital images were captured from each section under an Olympus BX 50 light microscope and analyzed with Motic Images Plus 2.0 ML. Six fields of view were randomly observed in each section. All morphometric analysis was performed in a blind manner by investigators. The measurement of the inflammatory cell response, edema, hemorrhage, and necrosis were conducted following International Organization for Standardization (ISO) 10993-1, 2003; Biological evaluation of medical devices-Part 1: Evaluation and testing was within a risk management process (Geneva, Switzerland), which are the general principles governing the biological evaluation of medical substances within a risk management process that are normally used to assess the biological safety of the medical substances.
Fibroblast cell line:
The mouse fibroblast cell line L929 (Chinese Academy of Preventive Medical Sciences, Beijing, China) was cultured in Dulbecco ' s Modified Eagle Medium (DMEM) containing 10% fetal bovine serum (FBS) and antibiotics (100 U penicillin and 100 U/mL streptomycin) under a 5% CO 2 atmosphere at 37  C. The medium was changed every 2 days. When cells reached confluence, they were harvested using 0.25% trypsin-EDTA (Gibco  , California, USA), followed by addition of fresh culture medium to create a new single cell suspension for further incubation. An initial concentration of mouse fibroblast cells at 5 x 10 5 /well were seeded in a 96-well plate. After 24 h, the culture medium was changed with fresh medium, and sericin solutions of various concentrations, which previously showed that they can promote cell viability [27] , were added to the culture medium to make the final concentration of sericin in each well at 0.25, 0.50,
* * * * served as negative controls, while cells receiving IND 0.01 mg/mL served as positive controls. After incubation for 24 h, a MTT assay was performed to evaluate cell activity. The absorbance was determined by a microplate reader (Biohit 830, Biohit  , Helsinki, Finland) at a wavelength of 570 nm. 
Isolation of total RNA and RT-PCR:
Total RNA was isolated from cell cultures according to the manufacturer's protocols, using TRIzol reagent (Invitrogen  , San Diego, CA, USA). A reverse transcription reaction was carried out using equal quantities of total RNA from each sample and converted to cDNA using a Quanti Tect Reverse Transcription Kit (Qiagen  ). The COX-2 and NOS transcripts were detected by real-time reverse transcription-PCR (RT-PCR) using gene-specific real-time primers and specific TaqMan probes (Applied Biosystems, Foster City, CA, USA). COX-2 and iNOS mRNA was amplified in the presence of a TaqMan probe with specific primers. Duplicate PCR reactions were carried out in an Applied Biosystems 7500 Instrument and the actin (Act) gene was used as the internal house-keeping gene control. The reaction conditions used for the COX-2 and NOS gene amplification consisted of 4 stages: 50C for 2 min, 95C for 10 min, followed by 47 cycles of 95C for 15 s and 60C for 1 min. COX-2, iNOS, the Act primer and probe (6-carboxyfluorescein as 5'-reporter dye and 6-carboxytetramethyl-rhodamine as 3'quencher) sequences are described in Table 2 .
